Until relatively recently, the cerebellum was considered primarily as modulator of fine motor functions. This has changed during the last 20 years, and now the cerebellum has been shown to be involved in learning and cognition. With this renewed interest comes the need to better understand and potentially modify its input-output connections. In this pilot study, we tested the efficacy of a canine adenovirus type 2 (CAV-2) vector in the cerebellum of a nonhuman primate (NHP). Consistent with other reports, we found a preferentially transduction of cells with neuron-like morphology at the site of injection and efficient retrograde transport into several structures in the midbrain. These data will help identify cerebellar circuits and may lay the foundation for studies of human pathologies, such as ataxias, autism, and schizophrenia.
Introduction
For most of the 20th century the cerebellum was considered primarily as a modulator of motor functions, and therefore most studies focused on its role in balance, posture and motor control. However, this idea has gradually changed (reviewed by De Smet et al., 2013 , Schmahmann, 2018 , and now it is thought that the cerebellum plays an important role in language, and in cognitive and affective functions (reviewed by Buckner, 2013) . Although it is thought that the cerebellum has maintained most of its neuronal structure and microcircuits throughout vertebrate evolution, its relative size and gross anatomy has changed considerably (Voogd and Glickstein, 1998 , reviewed by Llinas et al., 2004 , Koibuchi, 2013 . This variation in size suggest a relation between size and functional specialization. In humans the cerebellum constitutes about 10% of the total brain weight, but due to the densely packed small granule cells of the cerebellar cortex it contains ~80% of the total brain neurons (reviewed by Koibuchi, 2013 , Essen et al.,2018 .
Tract-tracing methods using traditional neuronal tracers have been used to investigate the connections between the cerebellum and the rest of the brain. These methods helped identify anterograde, retrograde or bidirectionally circuits depending on the uptake mechanism or molecular weight (reviewed by Lanciego and Wouterlood 2011). During the last decade viral vectors have been used successfully to unravel and selectively modify brain connections. Viral vectors are powerful tools to study the function of a gene of interest, neurocircuits, structure-function, disease modeling, and therapeutic gene transfer (Wouterlood et al., 2014; Nassi et al., 2015 , Mestre-Frances et al., 2018 , del Rio et al., 2019 , Lasbleiz et al., 2019 . Viral vectors expressing reporter proteins can be combined with other technologies such as optogenetics or chemogenetic to better understand brain function (Adamantidis et al., 2015; Urban and Roth, 2015) .
Among the vectors used in the CNS, those based on canine adenovirus type 2 (CAV-2), are powerful option to study neuronal circuitry and function (reviewed by del Rio et al. 2019) . Studies in the rodent, as well as the dog brain demonstrated that CAV-2 vectors preferentially transduce neurons, lead to widespread distribution via axonal transport (retrograde transport), and are capable of maintaining long-term transgene expression (Soudais et al., 2001 , Soudais et al., 2004 , Hnasko et al., 2005 , Cubizolle et al., 2014 , Schwartz et al., 2015 , Salinas et al., 2017 , Hirschberg et al., 2017 . In the NHP brain, CAV-2 vectors have also been remarkably efficient in the context of preferential transduction of neurons and retrograde transport (Mestre-Frances et al., 2018 , Lasbleiz et al., 2019 .
Due to the dearth of information concerning cerebellar circuitry in the NHP, and its possible roles in cognitive and affective functions, we assayed the tropism and efficacy of helper-dependent (HD) CAV-2 vectors in the Microcebus murinus (M. murinus). M. murinus is a NHP from Madagascar that is readily bred in captivity, can live >10 years, and naturally shows occasional age-related signs of neurodegenerative disease (Verdier et al.,2015) . We report robust CAV-2 vector efficacy at the site of injection as well as in nuclei that project to the injected area.
Material and methods
One adult male M. murinus was used in this study. Animal handling was conducted in accordance with the European Council directive (2010/63/EU) as well as in agreement with the Society for Neuroscience Policy on the Use of Animals in Neuroscience Research. The experimental design was approved by the Ethical Committee for Animal Testing of the University of Montpellier. The M. murinus colony is housed at the primate facility at the University of Montpellier (license approval n°34-05-026-FS.
Vector
Construction, purification, and storage of the helperdependent (HD) CAV-2 vector expressing GFP (HD-GFP) has been described (Soudais et al., 2004) . Briefly, HD-GFP contains a cytomegalovirus (CMV) early promoter driving expression of the (enhanced) green fluorescent protein (GFP), followed by a simian virus 40 (SV40) polyA signal. The ~30 kb HD vector genome does not contain CAV-2 coding regions.
Stereotaxic Surgery
For surgery, the M. murinus was anesthetized with 80 mg/kg ketamine and10 mg/kg xylazine by intramuscular injections resulting in deep anesthesia. The animal was positioned in the stereotaxic frame; the coordinates for the cerebellum were taken from the M. murinus brain atlas (Bons et al., 1998) , -6.5 mm anteroposterior (AP), -6 mm dorsoventral (DV) and ± 1 mm mediolateral (ML) from bregma. The M. murinus received two deposits of 1 x109 physical particles of HD-GFP/coordinate through the same needle track (1 μl/coordinate) using a 10 µl Hamilton syringe. HD-GFP was injected at a rate of 0.5 μl/min. Once the deposit was completed, the needle was left in place for 5 min. before withdrawal to minimize vector leakage through the injection tract. The skin was sterilized, sutured and the animal was monitored until recovery from anesthesia. After surgery, the M. murinus was isolated in cage with food and water ad libitum for 24 h.
Tissue processing and image acquisition
Two weeks post-surgery the M. murinus was anesthetized with ketamine (80 mg/kg) and perfused transcardially with heparinized saline buffer (0.9%) followed by a fixative solution containing 4% paraformaldehyde (PFA) and phosphate buffer saline (PBS), pH 7.4. The brain was post-fixed in 4% PFA and soaked in 30% sucrose/PBS at 4°C for at least 24 h. The brain was embedded in OCT and cut rostrocaudally (50-μm-thick sections) and mounted with Vectashield (Vector Laboratories, H-1000). HD-GFP-mediated GFP expression was detected using a Hamamatsu Nanozoomer with a 40× objective. Background autofluorescence was subtracted using ImageJ. Figures set up was done using Adobe Illustrator CS6.
Results
To investigate the efficacy of CAV-2 vector tropism and efficacy in the cerebellum and in neurons projecting to the cerebellar cortex, we injected HD-GFP, a helper-dependent CAV-2 vector expressing GFP. Two weeks post-injection, the M. murinus was perfused and the brain was prepared to study the biodistribution GFP expression. Fifty-micron-thick sections were screened by epifluorescent microscopy to identify the regions containing cells expressing GFP (Figure 1) . At the site of injection, the granular and the molecular layer ( Figure 1B-D) contained numerous GFP+ fibers and somas ( Figure 1C ). GFP was not observed above the injection site along the needle tract ( Figure 1A) . Adjacent regions of the cerebellar cortex did not contain GFP+ cells in the molecular or granular layer. At the same level, we observed intense GFP expression in the deep cerebellar nuclei in both hemispheres (Figure E-G) . We found numerous GFP+ fibers and some cells in the medial areas of the nucleus interpositus anterior cerebelli ( Figure 1F ) and in the nucleus mediallis cerebelli ( Figure 1G ). GFP expression was absent in the nucleus lateralis cerebelli ( Figure 1E ). We also found GFP+ cells located in distal cortical areas of the cerebellum (Figure 2A ) with morphology consistent with Purkinje cells. Some of these had a weak GFP signal in the soma, but not in the dendritic tree located in the molecular layer. GFP+ cells were located in several nuclei of the medulla oblongata ( Figure 2B ). In the dorsal areas of the medulla, neurons were GFP+ in the nuclei vestibularis lateralis and medialis, as well as in the nucleus tractus spinales nervi trigemini ( Figure 2B ). Both nuclei showed numerous GFP+ somas ( Figure 2B-C) . We also found GFP+ cells in the reticular formation, in the nucleus reticularis magnocellular and in the paramedianus (Figure 2B and 2D ). There were several GFP+ cells in the reticular formation ( Figure 2D) . The inferior olive also showed some intense GFP+ cells, those mainly in its caudal region and scattered GFP+ fibers ( Figure  2E ). By contrast, we did not observe GFP+ fibers in the main tracts of the medulla, the pyramidal tracts, lemniscus medialis and the fasciculus longitudinalis medialis ( Figure 2B ).
In more rostral regions, GFP+ cells were detected in the pontine reticular formation nuclei ( Figures 2F-I) , in the nucleus dorsalis raphes ( Figures 2F-G and 2I) , in the nucleus reticular tegmenti pontis ( Figures 2F,  2H-I) , and in the nucleus raphes pontis ( Figure 2I) . The pontine and medullar nuclei also showed scattered GFP+ fibers (data not shown).
Discussion
Gene therapy for neurodegenerative disorders will be irreversiblein other words, once a viral vector is injected into the brain there will be no way to remove it. Therefore, this therapeutic approach creates the need to address vector tropism, feasibility, efficacy, safety, and duration of expression in an animal that closely resembles humans. In this study, we evaluated the efficacy of CAV-2 vectors in the M. murinus cerebellum and found robust transgene expression and biodistribution. Neurons in distal structures can readily take up CAV-2 vectors if the neuron expresses the coxsackievirus adenovirus receptor (CAR) (Salinas et al., 2017 , del Rio et al. 2019 . It is possible that more vector is taken up by some structures due to the density of their projections near the injection site and their level of CAR expression in the axons. It is unlikely that the ~100 nm, neutral-charged CAV-2 capsid (Schoehn et al., 2008) diffuses significantly in the brain parenchyma, and therefore neurons are capable of continually taking up vector particles deposited at the injection site for an extended period, possibly for several days. We previously demonstrated that the transcriptional changes after HD-GFP injection in the M. murinus are likely due to detection of the free ends of the double-stranded DNA vector genome. Nonetheless, long-term transgene expression demonstrates that this transcriptional response does not lead to a notable adaptive immune response.
After the injection in cerebellar cortex, we have found GFP+ neurons and fibers in the molecular and granular layers of the cerebellar cortex, in the deep cerebellar nuclei, several precerebellar nuclei and the inferior olivary complex. These structures and cells project to the cerebellum in rodents and primates (reviewed by Glickstein et al.2011 , Llinas et al., 2004 , Barmack and Yakhnitsa, 2013 Voogd et al., 2013) . The molecular layer showed a high number of GFP+ fibers, possibly corresponding with the climbing fibers from the inferior olive and also parallel fibers from the granular cells of the cerebellar cortex. In accordance with this, we observed GFP+ neurons in the inferior olive, origin of the climbing fibers and GFP+ somas in the granular layer origin of the parallel fibers.
The granular layer also contained numerous fibers GFP+. Considering the location of those fibers and also the GFP+ somas observed in different precerebellar nuclei, we believe that they are mossy fibers originating in the nuclei vestibularis lateralis and medialis, nucleus tractus spinales nervi trigemini and reticular formation in the medulla oblongata and the pons. Two deep cerebellar nuclei, nucleus interpositus anterior cerebelli and the nucleus mediallis cerebelli showed numerous GFP+ fibers consistent with the mossy fibers originated in different precebellar nuclei.
The paucity of animal models that faithfully recapitulate human brain diseases has slowed the development of therapies. Transgenic mice have often poorly mimicked human diseases, possibly due to species-specific differences in disease mechanisms and in the anatomical organization (Herodin et al., 2005 , Tuszynski et al., 2002 . Studies using NHPs should be readily translatable to humans. However, the number of species of NHPs available for biomedical research, such as baboons, macaques or marmosets, is limited, under increased regulatory regulations, and expensive (Languille et al., 2012) . Of note, M. murinus are one of the few NHPs approved by current European regulation, and self-sustaining breeding colonies can provide sufficient number of animals for trials that require large cohorts. M. murinus is small primate, whose brain has a structure and organization comparable to that of the human brain.
In conclusion, our results in the M. murinus cerebellum have notable fundamental and clinical implications in the context of gene transfer in the NHP brain. Numerous diseases may be amendable to therapy and modeling using CAV-2 vectors, regardless of whether they affect specific nuclei or the entire brain. 
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